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1.  INTRODUCTION 


This  technical  report  describes  our  demonstration  of  a  target  ranging  and  identification  technique 
based  upon  timing- modulation  of  a  mode- locked  laser  coupled  with  a  fast  detector.  Range-to- 
target  and  target  depth  information  have  been  determined  with  a  resolution  of  better  than  25  cm 
at  signal- to- noise  ratios  below  0.01.  We  also  present  a  simple  performance  model  offering  a 
first-order  indication  of  the  average  power  required  from  a  laser  for  the  mode- locked  technique 
to  work  at  ranges  of  10  km  or  more. 

The  bulk  of  this  information  is  contained  in  Appendix  A,  in  the  form  of  a  paper  prepared  for 
submission  to  the  journal  Applied  Optics.  The  sections  below  will  focus  on  information  not 
included  in  the  paper  but  of  potential  use  to  those  attempting  to  replicate  or  extend  the 
experiments  performed. 
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2.  EXPERIMENTAL  TECHNIQUES 


To  generate  the  mode- locked  pulse  trains  required  for  our  experiments,  we  began  with  a  diode- 
pumped  Nd:YV04  laser  passively  mode- locked  by  means  of  a  semiconductor  saturable  absorber. 
This  laser,  manufactured  by  Time- Bandwidth  Products,  was  basically  a  standard  product 
modified  in  two  key  ways.  First,  the  laser  resonator  was  lengthened  to  produce  a  pulse  repetition 
rate  of  40  MHz  rather  than  the  standard  80  MHz  or  higher.  Second,  an  electro- optic  modulator 
was  added  external  to  the  resonator,  along  with  several  turning  mirrors  to  form  the  extended 
beam  path  traveled  by  pulses  deflected  by  the  modulator. 

The  modulator  driver  was  controlled  by  a  pattern  generator,  which  could  be  programmed  with  a 
user-defined  or  computer-generated  pattern  entered  as  a  string  of  l’s  (voltage  low  -  pulse  sent 
straight  through)  and  0’s  (voltage  high  -  pulse  deflected  through  delay  path).  Delayed  pulses 
were  redirected  along  the  original  beam  path  by  a  polarizing  beamcube  placed  after  the 
modulator. 

On  the  whole,  this  system  performed  reasonably  well  in  the  experiments  conducted.  Several 
instrumental  idiosyncrasies  and  unforeseen  issues  required  specific  attention,  however,  in  order 
for  the  experiments  to  proceed  successfully.  First  of  these  is  that  the  laser  itself,  while 
fundamentally  reliable,  required  significant  optimization  of  alignment  almost  every  time  it  was 
turned  on  for  operation  at  the  rated  output  power  with  good  beam  quality.  Because  of  the 
resonator  length  and  the  large  number  of  mirrors  involved,  even  small  realignment  of  the 
resonator  steered  the  output  beam  enough  to  require  realignment  of  all  optics  downstream,  in 
particular  those  controlling  overlap  of  the  delayed  and  undelayed  pulses.  While  the  specifics  of 
this  problem  are  peculiar  to  the  laser  used,  and  were  manageable  in  a  laboratory  environment, 
alignment  stability  should  be  considered  in  identifying  new  lasers  for  follow-on  experiments,  and 
certainly  for  prototypes  or  fielded  systems. 

A  second  issue  involved  time  synchronization  of  the  various  electronic  components  of  the 
experiment.  Ordinarily,  when  using  a  pulsed  laser,  there  is  a  power  supply,  Pockels  cell  driver, 
or  modulator  driver  controlling  the  laser  repetition  rate  which  can  be  used  to  trigger  other 
equipment.  In  the  case  of  a  passively  mode- locked  laser,  however,  there  are  no  active  elements 
in  the  resonator,  and  therefore  no  such  electronic  signal  available  for  triggering.  Furthermore, 
the  actual  repetition  rate  of  the  laser  exhibited  some  variation  which,  though  small  (less  than  0.5 
percent),  was  sufficient  to  prevent  consistent  triggering  simply  by  configuring  the  pattern 
generator  for  a  repetition  rate  of  40  MHz.  It  worked  best  simply  to  trigger  using  the  signal  from 
a  silicon  photodiode  monitoring  leakage  from  one  of  the  laser  cavity  mirrors.  Any  passively 
mode-locked  laser  will  likely  need  to  rely  on  this  type  of  arrangement. 

An  added  complication  arose  from  the  fact  that  while  the  laser  repetition  rate  was  40  MHz,  the 
modulator  driver  was  capable  of  operating  only  up  to  30  MHz.  This  was  easily  worked  around 
by  constraining  the  pulse  pattern  in  such  a  manner  that  the  voltage  level  was  never  switched  after 
just  one  pulse  at  the  previous  level.  Clearly,  however,  this  situation  is  not  desirable.  While  other 
considerations  will  no  doubt  have  a  greater  impact  on  the  optimal  repetition  rate  for  the  mode- 
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locked  target  ID  technique,  one  must  also  consider  the  tradeoff  between  a  modulator  driver  fast 
enough  to  keep  up  with  the  laser,  and  a  laser  resonator  long  enough  (and  inconveniently 
voluminous)  to  produce  a  manageably  “low”  repetition  rate. 

In  the  course  of  performing  mode- locked  target  ID  experiments,  the  length  of  the  delayed  optical 
path  was  increased  from  13  inches  to  about  52  inches.  In  both  cases,  but  especially  in  the 
second,  the  additional  beam  divergence  occurring  along  the  extended  path  resulted  in  a  spot  size 
at  the  target  that  was  significantly  larger  for  the  delayed  pulses  than  for  those  undelayed.  This 
translated  into  a  lower  intensity  at  the  target,  and  resulting  lower  intensity  of  scattered  return  at 
the  detector  for  the  delayed  pulses.  To  compensate,  a  weak  focusing  lens  was  placed  in  the 
extended  path,  making  the  spot  sizes  of  the  delayed  and  undelayed  pulses  more  closely  matched. 
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3.  DATA  ACQUISITION  AND  ANALYSIS 


The  mode- locked  target  ID  technique  relies  on  mathematical  cross-correlation  of  a  known, 
outgoing  pulse  train  with  its  scattered  return  incident  upon  the  detector.  This  required  collection 
of  two  data  sets  in  a  format  amenable  to  mathematical  manipulation  by  computer.  Given  that  a 
digitizing  oscilloscope  was  already  in  use  to  monitor  the  laser  output  for  alignment  and 
diagnostic  purposes,  the  dataset  corresponding  to  the  signal  on  the  detector  was  obtained  by 
programming  the  computer  to  read  the  trace  from  the  appropriate  oscilloscope  channel.  The 
outgoing  pulse  train,  on  the  other  hand,  was  represented  by  a  computer- generated  model,  with 
the  modulation  pattern,  pulsewidth,  pulse  delay  time,  and  number  of  data  points  as  inputs. 

We  suspected  at  one  point  that  the  deviation  in  pulse  shape  of  the  mathematically  modelled  pulse 
train  from  the  actual  outgoing  pulse  train  was  adversely  affecting  cross- correlation  results.  To 
test  this,  a  holographic  beam  sampler  was  placed  in  the  beam  to  diffract  a  1  percent  sample  of  the 
laser  output  onto  a  detector.  This  signal  was  then  used  as  the  “known  outgoing  signal”  in  place 
of  the  mathematical  model.  Cross-correlation  traces  obtained  using  this  method  showed  no 
difference  from  those  made  with  the  model,  however,  indicating  that,  at  least  in  the  current 
configuration,  there  was  no  disadvantage  to  using  a  modelled  signal. 

Use  of  the  oscilloscope  in  acquiring  the  detector  signal  introduced  an  unforeseen  limitation 
arising  from  the  storage  capacity  of  the  oscilloscope  itself.  The  20-pulse  pattern  used  in  most 
experiments  could  be  displayed  clearly  and  entirely  on  the  scope  with  the  time  scale  set  to  50 
ns/division.  On  this  fast  a  time  scale,  however,  the  scope  originally  used  would  collect  a 
maximum  of  500  data  points.  Given  a  pulse  period  of  25  ns  and  an  electronically  broadened 
pulsewidth  (due  to  detector  bandwidth  limitation)  of  about  0.7  ns,  this  translates  into  one  data 
point  per  pulse,  less  than  what  is  needed  to  resolve  the  pulses  properly,  and  precluding  any 
increase  in  the  number  of  pulses  in  the  outgoing  train.  A  suitable  replacement  oscilloscope  was 
found,  capable  of  collecting  up  to  8  data  points  per  1  ns  time  increment,  or  4,000  points  for  the 
pulse  train  described  above.  Any  future  experiments,  however,  will  need  to  consider 
instrumental  “depth  of  storage”  in  some  form  or  other,  especially  as  the  pulse  train  length  is 
increased  to  measure  longer  ranges  without  ambiguity. 

A  desktop  computer  performed  all  of  the  data  collection  and  analysis,  using  programs  written  in 
the  Lab  VIEW  environment.  These  programs  took  advantage  of  drivers  and  control  subroutines 
obtained  from  National  Instruments  for  the  particular  instruments  used  in  the  experiment.  The 
primary  program  used  for  data  collection  and  analysis  is  explained  in  detail  in  Appendix  B. 

Initially,  we  also  used  a  subroutine  included  as  part  of  Lab  VIEW  to  perform  the  cross- correlation 
of  the  outgoing  and  scattered  return  signal  traces.  The  subroutine  performed  the  cross¬ 
correlation  in  such  a  way  as  to  produce  a  trace  twice  as  long  as  the  input  trace.  Also,  since  the 
first  pulse  in  the  mode-  locked  pulse  train  was  generally  not  the  first  pulse  in  the  scattered  return 
trace  due  to  how  the  oscilloscope  was  triggered  (that  is,  the  trace  was  rotated),  the  outgoing 
signal  trace  could  not  find  its  match. 
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Both  of  these  issues  were  resolved  by  abandoning  the  Lab  VIEW  cross-correlation  routine  and 
writing  our  own.  The  new  routine  operated  by  simply  rotating  the  outgoing  trace  as  many  times 
as  it  contained  data  points,  while  at  each  rotation  multiplying  the  outgoing  and  scattered  return 
traces  together  and  summing  all  the  points  in  the  product  trace  to  get  the  “area  under  the  curve”. 
This  ensured  that  the  outgoing  signal  trace  found  its  match,  and  produced  a  cross- correlation 
spectrum  the  same  length  of  the  input  traces. 

The  disadvantage  of  the  new  subroutine  was  that  each  cross- correlation  took  longer  to  complete, 
perhaps  0.5  s.  This  may  not  seem  like  much,  but  when  averaging  a  number  of  cross -correlations 
to  improve  the  signal- to- noise  ratio,  it  adds  up  quickly.  While  long  processing  times  were  not  a 
problem  in  the  laboratory,  and  Lab  VIEW  is  an  appropriate  programming  environment  in  this 
setting,  processing  could  likely  be  sped  up  considerably  by  writing  code  in  a  more  streamlined 
language. 
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4.  FURTHER  RESEARCH 


The  scope  of  this  effort  was  limited  to  demonstration  of  the  basic  mode- locked  target  ID 
technique  in  the  laboratory,  working  at  ranges  of  no  more  than  several  meters.  The  logical 
extension  of  this  research,  then,  is  to  repeat  the  experiments  under  more  realistic  conditions, 
increasing  the  range  to  several  hundred  meters.  The  performance  model  we  developed  to 
estimate  laser  power  requirements  as  a  function  of  range  suggests  that  our  existing  0.5-W  laser 
and  detection  system  can  be  used  at  ranges  up  to  500  m.  These  intermediate  ranges  can  be 
accessed  by  directing  the  laser  toward  targets  through  the  tower  window  or  out  through  the 
periscope  in  Bldg.  622. 

The  success  of  such  experiments  can  be  enhanced  by  a  few  simple  improvements.  First,  the 
signal  at  the  detector  can  be  significantly  increased  by  replacing  the  5-cm-diameter  collection 
lens  with  a  10- cm- diameter  lens.  Second,  focusing  of  the  delayed  pulses  can  be  optimized  so 
that  they  have  the  same  spot  size  at  the  target  as  the  undelayed  pulses.  Third,  the  Newport 
amplified  InGaAs  PIN  detector  can  be  replaced  by  a  detector  with  a  larger  bandwidth,  lower 
noise,  or  other  characteristics  leading  to  improved  signal- to- noise  in  the  experiment.  Care  must 
be  taken,  however,  that  a  higher  detector  bandwidth  not  exceed  the  capability  of  the  oscilloscope 
or  other  instruments  used. 

Should  mid-range  experiments  yield  promising  results  and  further  research  be  planned, 
significant  improvements  in  the  laser  itself  will  become  necessary.  Obviously,  more  output 
power  will  be  needed,  at  least  an  order  of  magnitude  more  just  for  ranges  of  several  km.  The 
resonator  design,  however,  will  also  require  attention.  In  our  existing  laser,  the  long  resonator 
needed  for  a  repetition  rate  of  40  MHz  takes  up  a  large  volume,  most  of  it  empty  space,  even 
with  the  use  of  several  extra  mirrors  to  fold  the  cavity  back  on  itself  to  conserve  space.  The 
volume  taken  up  by  the  laser  will  require  substantial  reduction  for  a  mode- locked  target  ID 
system  to  be  flightworthy. 

One  possible  alternative  would  be  to  base  the  system  on  a  fiber  laser,  in  which  case  the  resonator 
can  easily  be  coiled  up  into  a  small  volume.  Fiber  lasers  at  the  eyesafe  wavelength  of  1.5  (im 
have  seen  extensive  development  for  telecommunications  uses,  and  offer  additional  advantages 
in  stability,  robustness,  and  ease  of  packaging. 
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APPENDIX  A 

PAPER  SUBMITTED  TO  APPLIED  OPTICS 

Timing  modulation  of  a  40-MHz  pulse  train  for  target 
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We  have  demonstrated  a  target  ranging  and  identification  technique  based  upon  timing- 
modulation  of  a  mode-  locked  laser  coupled  with  a  fast  detector.  Range  to  target  and  target 
depth  information  have  been  determined  with  a  resolution  of  better  than  25  cm  at  signal-  to- 
noise  ratios  below  0.01.  Modelling  suggests  laser  average  power  requirements  remain  a 
challenge,  with  upwards  of  100  W  likely  needed  for  extension  of  this  technique  to  ranges 
over  10  km,  but  improvements  in  overall  system  throughput  would  allow  realization  of  its 
potential . 

OCIS  Codes:  280.3400  ( Laser  range  finder),  070.1170  (Analog  optical  signal  processing) 

Introduction 

A  common  method  optically  measuring  the  range  to  a  target  and  the  target’s  depth  is  to 
use  direct  detection  based  upon  flood- illumination  with  high-energy  laser  pulses. 1  The  laser 
wavelength  must  be  amenable  to  high  sensitivity  detection,  transmitted  well  by  the  atmosphere, 
and  “eyesafe”,  defined  as  not  focusable  on  the  retina  of  the  eye  for  the  safety  of  people  in  the 
area.  These  criteria  are  best  met  by  a  wavelength  near  1.5  (im.  For  high- resolution,  time- 
dependent  detection  of  target  features  the  laser  pulse  must  also  be  very  short,  less  than  1  ns  for  a 
resolution  on  the  order  of  30  cm.  This  combination  of  laser  properties  is  difficult  to  achieve.  Q- 
switching  of  bulk  solid  state  lasers  does  not  produce  pulses  as  short  as  1  ns,  and  while  microchip 
lasers  can  emit  such  short  pulses,  their  small  gain  volume  limits  pulse  energy  to  a  few 
microjoules.  Short,  high  energy  pulses  also  have  a  greater  likelihood  of  damaging  components 
in  the  laser  and  in  the  beam  forming  optics. 

As  an  alternative,  we  have  investigated  the  feasibility  of  a  target  identification  (ID) 
system  based  on  a  mode- locked  laser  and  a  high-speed  detector,  essentially  replacing  the  single 
high-energy  pulse  used  in  burst  illumination  with  a  train  of  many  less  energetic  pulses.  Mode- 
locked  lasers  easily  produce  multiWatt  output  with  pulsewidths  in  the  tens  of  ps  for  excellent 
resolution,  and  repetition  rates  in  the  tens  of  MHz  allowing  signal  averaging  over  multiple  pulse 
trains  to  improve  sensitivity.  While  peak  powers  may  be  high,  average  powers  are  well  below 
the  damage  thresholds  of  typical  optics. 
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Modelocked  lasers  historically  have  been  complex  and  temperamental,  but  recent 
advances  have  led  to  devices  that  are  highly  robust,  efficient  and  compact.  Passively 
modelocked  lasers  such  as  the  one  used  in  this  research  are  now  commercially  available  and 
could  easily  be  hardened  for  field  use.  Use  of  passively  modelocked  fiber  lasers  should  also 
reduce  laser  sensitivity  to  vibration  and  temperature  changes.  For  example,  U.S.  Air  Force 
funded  research  by  Sharp  and  Spock  demonstrated  a  1 .9- pm  fiber  laser  with  a  200-fs  pulse 
width,  passively  modelocked  by  a  saturable  absorber  .  Target  ranging  and  identification  will  not 
require  such  short  pulses,  but  these  results  illustrate  the  progress  that  has  been  made  in  fiber 
lasers  over  the  last  decade. 

Figure  1  depicts  our  basic  technique,  in  which  a  modulated  pulse  train  is  directed  toward 
a  target,  and  the  scattered  return  is  collected  by  a  fast  detector.  In  the  absence  of  modulation, 
each  laser  pulse  is  indistinguishable  from  the  next,  making  it  impossible  to  determine  when  a 
given  pulse  returns  to  the  detector  after  scattering  off  the  target.  Modulation  enables  us  to 
selectively  delay  pulses  according  to  a  pseudo-random  pattern  such  that  the  pulse  train  as  a 
whole  is  recognizable  upon  its  return.  This  is  done  using  a  modulator  external  to  the  laser  cavity 
which  either  passes  the  laser  pulse  straight  through,  or  deflects  it  along  an  extended  path 
resulting  in  a  small  delay. 

The  detection  system  “recognizes”  the  scattered  pulse  train  by  mathematically  cross- 
correlating  the  signal  at  the  detector  with  the  known  outgoing  pulse  train.  The  cross- correlation 
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Figure  1.  Schematic  of  mode- locked  target  identification  technique. 
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process  entails  stepping  one  trace  across  the  other,  while  multiplying  the  two  traces  together  and 
measuring  the  area  under  the  resulting  curve  at  each  step.  This  yields  a  third  trace  consisting  of 
the  area  under  the  curve  as  a  function  of  step,  easily  converted  here  into  units  of  time.  The  area 
under  the  curve  of  the  product  trace  will  reach  a  maximum  at  the  point  where  the  two  traces 
overlap,  in  other  words,  where  the  known  outgoing  pulse  train  finds  its  match  in  the  scattered 
pulse  train  collected  by  the  detection  system. 

The  position  in  time  of  this  maximum  can  be  precisely  identified  by  the  computer.  With 
adjustment  for  any  offset  in  the  oscilloscope  display,  the  peak’s  time  coordinate  corresponds  to 
the  round  trip  time  t  of  the  return  signal,  from  which  the  range  to  the  target  r  can  easily  be 
calculated  using  the  equation  r  =  tc/. 2  where  c  is  the  speed  of  light.  Measurement  of  the  change 
in  range  with  time  will  additionally  allow  determination  of  the  relative  velocity  of  the  target. 

The  same  signal  can  be  used  to  perform  high  resolution  characterization  of  target  profile 
as  well.  An  extended  target  will  essentially  smear  out  a  picosecond  modelocked  pulse  to  a  width 
of  2 L/c  where  L  is  the  depth  of  the  target.  (This  places  a  constraint  on  the  laser  repetition  rate 
since  if  the  pulses  are  too  close  together,  an  extended  target  will  smear  them  into  each  other.) 
Repetitive  accumulation  of  the  return  for  each  pulse  train  will  build  up  a  signal  characteristic  of 
the  extended  target,  in  much  the  same  way  as  the  averaged  signal  builds  up  from  multiple  sweeps 
in  a  digital  oscilloscope.  The  averaged  modelocked  pulse  train  return  can  thus  yield  precise 
range  information,  high- resolution  target  depth  information,  and  relative  velocity. 


Experiment 

Our  objective  was  to  demonstrate  the  basic  technique,  and  to  collect  data  for  modelling 
the  laser  power  required  to  extend  it  to  useful  ranges.  Experiments  involved  scattering  the  laser 
output  off  test  targets  on  the  laboratory  table  to  characterize  the  accuracy  and  resolution  of 
ranging  measurements,  the  return  produced  by  multiple  or  extended  targets,  and  the  signal- to- 
noise  (SNR)  limits  of  this  method. 

Although  1.5  pm  may  be  the  ideal  wavelength  for  this  application,  for  convenience  these 
experiments  were  performed  using  a  commercially  available  Nd  laser  operating  at  1 .06  pm, 
specifically  a  Time- Bandwidth  Products  NdiYVCE  laser,  model  GE- 100- VAN- HP.  The  laser 
was  diode-pumped  and  passively  mode- locked  by  means  of  a  saturable  absorber.  It  produced  an 
average  output  power  of  0.5  W  with  a  repetition  rate  of  40  MHz  and  a  pulsewidth  of  45  ps. 

The  basic  experimental  setup  is  shown  in  Figure  2.  The  laser  output  was  modulated 
using  an  electro- optic  modulator  external  to  the  laser  cavity.  The  modulator  driver  was 
controlled  by  an  Agilent  model  81104A  pattern  generator,  which  in  turn  was  controlled  by  a 
computer  through  the  issuance  of  a  binary  code.  A  value  of  0  in  the  code  triggered  low  voltage 
from  the  driver,  in  which  case  the  pulse  passed  straight  through  the  modulator.  A  value  of  1 
triggered  high  voltage,  in  which  case  the  pulse  was  deflected  through  an  extended  optical  path, 
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oscilloscope 


Figure  2.  Experimental  setup.  Inset  shows  details  of  mode- locked  laser  and  extended  optical  path. 


imparting  a  delay  of  about  4  ns  relative  to  the  direct  path.  For  experimental  purposes,  a  pattern 
of  20  pulses  was  typically  used,  although  a  functional  system  would  likely  use  a  much  longer 
pattern. 


A  diverging  lens  placed  after  the  modulator  expanded  the  beam  which  was  then  scattered 
by  painted  metal  test  targets  placed  downstream.  A  pair  of  positive  lenses  collected  the  scattered 
return  and  focused  it  onto  a  Newport  amplified  InGaAs  PIN  detector.  The  detector  bandwidth  of 
1.5  GHz  was  not  sufficient  to  resolve  the  45  ps  pulsewidth,  but  the  electronically  broadened 
pulsewidth  of  0.7  ns  was  short  enough  for  a  resolution  of  30  cm  or  better. 

The  train  of  pulses  scattered  by  the  target  onto  the  detector  was  displayed  on  an 
oscilloscope  and  read  by  the  computer,  which  then  performed  the  cross- correlation  process 
described  above,  using  a  mathematically  generated  trace  to  represent  the  outgoing  pulse  train. 
The  x-axis  of  the  resulting  cross- correlation  corresponds  to  time,  allowing  straightforward 
determination  of  the  round  trip  time  of  the  return  pulse  from  the  position  of  the  cross- correlation 
peak.  The  cross-correlation  process  was  performed  for  several  pulse  trains  and  the  results 
averaged  to  improve  SNR.  Mathematical  operations,  data  acquisition,  and  control  of  the  pattern 
generator  were  performed  using  National  Instruments  Lab  VIEW  software. 

The  simplest  case  entailed  measuring  range  to  a  single  target.  The  target  was  first  placed 
close  to  the  laser  and  detector  at  a  “known”  location  to  give  a  baseline  cross- correlation  peak 
position.  The  target  was  then  moved  to  an  “unknown”  location  over  1  m  away  from  the  laser 
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aperture.  Comparison  of  the  second  cross-correlation  peak  position  with  the  first  yielded  the 
distance  between  the  target  and  the  baseline  position  with  an  accuracy  of  better  than  5  cm. 

To  assess  the  SNR  limits  of  the  technique,  this  experiment  was  repeated  with  filters  of 
known  attenuation  in  front  of  the  detector.  These  results  are  compared  with  those  for  the 
unattenuated  case  in  Figure  3.  Figure  3a  shows  the  raw  signal  for  a  single  20-pulse  train,  without 
attenuation.  Figure  3b  shows  the  cross-correlation  of  this  trace,  with  its  peak  clearly  visible. 
(Averaging  was  not  performed  for  the  unattenuated,  high- signal  case  since  it  was  not  needed  for 
unambiguous  peak  identification.)  Figure  3c  shows  the  raw  signal  for  the  attenuated  case, 
corresponding  to  SNR  =  0.075.  Averaging  this  signal  using  the  oscilloscope  produced  the  trace 
shown  in  Figure  3d;  the  amplitude  of  the  noise  is  greatly  reduced,  but  the  peak  is  still  lost. 
Averaging  the  cross- correlations  of  20  traces,  however,  produced  the  trace  shown  in  Figure  3e, 
in  which  the  peak  is  again  clearly  visible.  The  SNR  =  0.075  limit  determined  in  this  experiment 
can  likely  be  reduced  further  by  additional  signal  averaging,  and  is  in  reasonable  agreement  with 
the  SNR  =  0.1  predicted  by  initial  modelling. 

The  background  level  in  the  cross- correlation  traces  appears  as  a  series  of  discrete  peaks 
rather  than  a  continuum  of  noise  as  in  the  preliminary  modelling  (see  inset  plot  in  Figure  1) 
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Figure  3.  Raw  signal  and  cross-correlation  traces  for  a  single  target,  with  (a,  b)  and  without  (c, 
d,  e)  attenuation  to  simulate  low  SNR. 
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because  of  the  relatively  short  pulse  train  used.  The  background  peaks  have  a  spacing  that 
approximates  the  laser  repetition  rate,  indicating  the  incomplete  overlap  when  only  some  of  the 
pulses  in  the  outgoing  pulse  train  overlap  the  scattered  return  signal.  The  trace  maximum, 
however,  occurs  only  when  there  is  complete  overlap,  and  can  be  unambiguously  determined 
either  by  eye,  or  by  computer  algorithm. 

To  simulate  an  extended  target  with  depth  larger  than  the  resolution  limit  of  the  system, 
multiple  discrete  targets  were  positioned  downstream  of  the  laser  along  the  beam  path,  separated 
by  various  distances.  The  cross- correlation  trace  obtained  for  two  targets  placed  60  cm  apart  is 
shown  in  Figure  4a  and  4b.  The  trace  displays  a  double  peak,  with  the  4  ns  temporal  peak 
separation  corresponding  to  the  120  cm  round  trip  target  separation.  A  single  large  target  placed 
to  have  an  apparent  depth  of  60  cm  would  result  in  a  single  peak  4  ns  wide. 

This  experiment  was  repeated  with  a  target  separation  of  30.5  cm,  and  attenuating  filters 
placed  in  front  of  the  detector.  Target  separation  was  correctly  determined  for  SNR  down  to 
0.08  by  averaging  the  cross- correlations  of  50  pulse  trains.  The  entire  averaged  cross-correlation 
trace  for  this  case  is  shown  in  Figure  4c,  with  an  expansion  of  the  double  peak  in  Figure  4d. 

To  demonstrate  the  depth  resolution  of  the  mode- locked  laser  technique,  a  series  of 
measurements  was  made  using  three  targets  placed  along  the  beam  path  at  equal  intervals.  The 
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Figure  4.  Cross-correlation  traces  for  two  targets  with  (a,  b)  and  without  (c,  d)  attenuation  to 
simulate  low  SNR..  Plots  on  the  right  are  expansions  of  peaks  on  the  left. 
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results  are  shown  in  Figure  5  The  three  targets  are  individually  resolvable  down  to  a  separation 
of  about  25  cm,  but  as  the  separation  is  further  reduced,  resolution  is  lost,  and  they  appear  much 
as  a  single  extended  target  with  a  depth  as  large  as  the  overall  separation.  The  final  trace  in  the 
figure  shows  for  comparison  the  cross-correlation  for  a  single  target  placed  at  the  midpoint  of  the 
three-target  distribution. 


Figure  5.  Cross- correlation  peaks  for  3  targets  equally  spaced  along  the  beam  path  by  the  specified 
distance.  Last  trace  shows  data  for  single  target  for  comparison. 


To  demonstrate  ranging  resolution,  the  range  to  a  single  target  was  measured  for  each  of 
three  positions,  15  cm  apart.  These  results  are  shown  in  Figure  6  Although  depth  resolution  is 
limited  to  about  20  cm  in  this  case  by  detector  bandwidth,  range -to- target  can  clearly  be 
determined  with  better  resolution.  The  height  of  the  cross- correlation  peak  increases  with  the 
intensity  of  scattering  from  the  target,  accounting  for  the  differing  peak  heights  in  the  figure. 
This  dependence  also  contributes  to  the  depth  “signature”  present  in  the  broadened  cross¬ 
correlation  peaks  from  extended  targets. 
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Figure  6.  Cross- correlation  peak  for  single  target  placed  in  each  of  three  different  positions  relative 
to  laser  and  detector. 


Performance  Modelling 

A  mathematical  model  was  developed  to  estimate  the  laser  output  power  necessary  for 
extending  the  mode- locked  laser  technique  to  realistic  ranges  (>  1  km),  and  to  determine  the 
range  limitation  of  our  present  equipment  for  help  in  planning  future  experimentation.  The 
model  was  based  upon  the  standard  laser  radar  equation  found  in  textbooks: 


Pc  £1 
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where  Pslf,  is  the  power  incident  on  the  detector,  P  is  the  peak  power  of  the  laser,  o  is  the  target 
cross  section  in  mr/str,  Q.rcv  is  the  receiver  solid  angle,  Atar  is  the  laser  spot  size  at  the  target,  Trcv 
and  T,raiug\vc  the  transmission  of  the  receiver  and  transmitter  optics  respectively,  and  Tatm  is  the 
atmospheric  transmission  at  the  laser  wavelength  .  The  effects  of  atmospheric  turbulence  and 
possible  obscurants  were  neglected,  with  atmospheric  transmission  approximated  by  a  simple 
absorption  coefficient,  a  ~  5  x  10" 5  m 1 .  It  was  also  assumed  that  all  the  light  collected  by  the 
receiver  optic  is  focused  onto  the  detector  active  area. 
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Once  power  incident  on  the  detector  is  known,  it  can  be  compared  with  the  detector  noise 
to  determine  SNR  as  a  function  of  laser  power  and  range -to- target.  Detector  noise  was 
calculated  by  explicitly  summing  the  contributions  of  shot  noise,  generation- recombination 
noise,  and  Johnson  noise  for  each  detector  considered,  using  the  standard  mathematical 
expressions  for  detector  noise4.  The  resulting  model  is  quite  rudimentary,  and  serves  mainly  to 
give  a  first-order  approximation  of  what  may  be  possible.  The  specific  values  used  in 
performing  the  calculations  are  listed  in  the  table.  Based  upon  our  experimental  results,  a  SNR 
of  0.1  was  used  as  a  threshold  level 


Table.  Parameters  used  in  performance  modelling. 


Parameter 

Value 

laser  pulsewidth 

45  ps 

laser  repetition  rate 

40  MHz 

laser  divergence  (full  angle) 

2.6  mrad 

laser  wavelength 

1.5  |im 

target  cross  section 

1  nr/str 

receiver  optics  transmission 

0.9 

transmitter  optics  transmission 

0.9 

atmospheric  absorption  coefficient 

5  x  10'5  m 1 

receiver  diameter 

10  cm 

To  estimate  laser  power  required  for  operation  at  ranges  of  several  km  or  more,  average 
power  needed  for  SNR  =  0.1  was  calculated  as  a  function  of  range  for  several  different  detectors. 
Only  detectors  with  good  response  in  the  1.5  (im  region  were  considered,  based  upon  the 
eventual  requirement  for  eye  safety.  These  results  are  plotted  in  Figure  7.  The  amplified 
InGaAs  PIN  is  our  existing  detector.  The  unamplified  InGaAs  PIN  and  InGaAs  APD  represent 
other  commercially  available  detectors.  The  trace  marked  “hypothetical  InGaAs  APD”  was 
obtained  by  taking  the  best  of  the  other  three  and  assuming  an  order  of  magnitude  reduction  in 
detector  noise,  and  a  small  improvement  in  bandwidth,  improvements  well  within  reach  of  given 
ongoing  detector  development  work.  Even  in  this  best  case,  however,  over  100  W  average 
power  will  likely  be  needed  from  a  laser  to  obtain  sufficient  return  signal  at  the  detector  at  ranges 
approaching  10  km. 
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Figure  7.  Average  laser  power  required  for  SNR  =  0. 1  as  a  function  of  range  to  target. 


Conclusions 

The  basic  technique  of  using  timing  modulation  of  a  mode-  locked  laser  for  target  ranging 
and  identification  has  been  successfully  demonstrated.  Experiments  indicate  this  technique  can 
resolve  target  features  at  least  as  small  as  25  cm,  at  signal  to  noise  ratios  below  0.1.  Resolution 
is  currently  limited  by  detector  bandwidth,  and  can  be  improved  further  by  use  of  a  faster 
detector,  at  the  expense  of  reduced  sensitivity  and  by  extension  reduced  range.  Return  signal  at 
the  detector,  and  by  extension  the  useful  operating  range  of  the  system,  can  see  similarly 
straightforward  improvement  by  use  of  a  larger  collection  optic. 

Even  with  these  simple  improvements,  however,  mathematical  models  based  upon  the 
laser  radar  range  equation  suggest  that  upwards  of  100  W  average  power  would  be  required  for 
application  of  the  mode- locked  laser  technique  at  ranges  of  10  km  or  more.  This  equates  to  over 
an  order  of  magnitude  more  power  than  our  modelocked  laser  produces,  but  100-W  modelocked 
lasers  are  now  being  built  and  demonstrated5,  at  least  in  the  1-pm  region.  The  power 
requirement  could  be  significantly  eased  by  improvements  in  the  overall  optical  throughput  of 
the  system,  such  as  the  transmission  of  optical  components,  or  noise  reduction  in  the  detector. 

Improvements  in  technologies  affecting  system  throughput,  as  well  as  in  mode- locked 
lasers  themselves,  would  rapidly  enhance  the  immediate  utility  of  the  mode- locked  laser 
technique.  Its  success  in  the  laboratory  shows  that  it  certainly  has  potential.  In  the  end, 
however,  is  likely  to  be  most  useful  as  one  of  several  approaches  to  the  task  of  target  ranging  and 
identification,  perhaps  used  in  conjunction  with  other  methods  and  evolving  technologies. 
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APPENDIX  B 

DATA  COLLECTION  AND  ANALYSIS  PROGRAM 


The  data  analysis  and  control  program  was  written  in  the  Lab  VIEW  environment,  and  was 
structured  to  perform  the  following  three  main  tasks: 

1.  Capture  of  the  return  signal  trace  from  an  oscilloscope 

2.  Generation  of  a  modelled  trace  based  on  the  known  outgoing  signal 

3.  Mathematical  cross-correlation  of  return  and  outgoing  (model)  traces 

Figure  B- 1  shows  the  front  panel  display  of  the  Lab  VIEW  program.  The  user  specifies  the 
oscilloscope  channel  displaying  the  detector  signal,  factors  specifying  the  pulsewidth  and  delay 
length,  the  number  of  cross- correlation  traces  to  be  averaged,  the  number  of  data  points  in  the 
oscilloscope  trace,  and  the  pattern  code  of  l’s  and  0’s.  The  pattern  length  and  any  pulse 
generator  error  are  displayed  for  user  information. 


Figure  B-l.  Front  panel  screen  for  data  collection  and  analysis  program 
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The  upper  plot  shows  the  modelled  outgoing  pulse  train,  and  the  lower  plot  shows  its  cross¬ 
correlation  with  the  detector  signal  trace.  Below  the  cross- correlation  plot,  the  number  of  the 
current  iteration  is  displayed,  along  with  the  index  of  the  maximum.  Since  the  x  axis  of  this  plot 
is  in  data  points,  this  index  gives  the  data  point  number  of  the  peak  value.  Knowledge  of  the 
total  number  of  data  points  and  the  oscilloscope  time  scale  setting  enables  straightforward 
conversion  of  this  axis  into  units  of  time.  The  modelled  pulse  train  and  the  return  signal  trace 
may  be  saved  to  text  files  by  turning  the  “Save?”  button  on. 

Figure  B-2  shows  the  “wiring  diagram”  or  actual  code  of  the  program.  The  pattern  generator  and 
oscilloscope  are  initialized  by  instrument- specific  subroutines  in  the  upper  left  comer.  The  loop 
in  the  lower  left  corner  converts  the  pattern  code  input  by  the  user  from  a  character  string  to  an 
array  of  integers.  The  loop  immediately  to  the  right  generates  the  outgoing  signal  model  from 
this  pattern  code.  The  bulk  of  the  work  is  performed  in  the  large  loop  at  the  upper  right.  First,  a 
signal  trace  is  read  from  the  oscilloscope,  then  it  is  cross-correlated  with  the  outgoing  signal 
model  This  is  done  for  each  iteration  of  the  loop,  with  the  results  carried  over  from  one  iteration 
to  the  next  in  a  running  average.  Just  to  the  right  of  this  loop,  the  index,  or  maximum,  of  the 
cross-correlation  is  determined  and  the  trace  is  displayed  on  the  front  panel.  The  two  small 
boxes  at  lower  right  handle  the  storage  of  the  displayed  plots  in  data  files.  Finally,  as  a 
convenience  for  the  user,  the  oscilloscope  is  returned  to  local  operating  mode  after  the  trace  is 
captured,  allowing  immediate  control  of  the  instrument  from  its  front  panel. 


Figure  B-2.  "Wiring  diagram",  or  code  for  data  collection  and  analysis  program. 
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